Mammalian genomes contain numerous evolutionary harbored mobile elements, a part of which are still active and may cause genomic instability. Their movement and positional diversity occasionally result in phenotypic changes and variation by causing altered expression or disruption of neighboring host genes. Here, we describe a novel microarraybased method by which dispersed genomic locations of a type of retrotransposon in a mammalian genome can be identified. Using this method, we mapped the DNA elements for a mouse retrotransposon, intracisternal A-particle (IAP), within genomes of C3H/He and C57BL/6J inbred mouse strains; consequently we detected hundreds of probable IAP cDNA-integrated genomic regions, in which a considerable number of strain-specific putative insertions were included. In addition, by comparing genomic DNAs from radiation-induced myeloid leukemia cells and its reference normal tissue, we detected three genomic regions around which an IAP element was integrated. These results demonstrate the first successful genome-wide mapping of a retrotransposon type in a mammalian genome.
INTRODUCTION
Substantial portions of mammalian genomes are composed of interspersed repeats that have accumulated during evolution due to insertions of transposable elements (TEs), which play crucial roles in both shaping mammalian genomes and expanding genome size (1) (2) (3) (4) . Recently, researchers have proposed that in certain cases TEs have been incorporated into host genomes and have acquired specific functions, including the recruitment of coding sequences (5) , regulatory sequences (6,7) and sequences for noncoding regulatory RNAs, such as micro RNAs (8) (9) (10) (11) .
TEs occasionally have deleterious effects on their host genome by causing genetic or epigenetic aberrations (12) . In addition, TEs may increase genomic instability depending on their interspersed homologous nature, since a tract of nonallelic sequence homology have the potential to cause genomic alterations during both meiotic recombination and DNA repair processes (13) . In mammalian genomes, most TEs are retroelements (RTEs), which mobilize indirectly via an RNA intermediate. Although most RTEs are immobile and thus considered to be fossil genetic elements, some have remained active, including a small subfamily of human L1 and Alu (2, 14) and mouse intracisternal A-particle (IAP) and early transposon (ETn) elements (3, 15) . In germline cells, the mutation rate mediated by RTEs differs significantly among species. It has been reported that $0.1% and 10-12% of spontaneous mutations in human and mouse, respectively, may be due to TE insertions (15) .
The genetic background of mice is considered to affect the frequency of retrotransposition judging from the apparent strain bias, which shows the association of insertions of IAP elements and ETn with C3H/He and A/J inbred mouse strains, respectively (15) . We previously reported that higher levels of IAP transcripts, the source of cDNA for the integration, were observed in normal cells, particularly in hematopoietic cells, from C3H/He mice compared with inbred strains C57BL/6J and STS/A (16) . Other studies have reported strain-specific insertions of IAPs as well as their significant effects on the transcription of neighboring genes (17) (18) (19) . These findings suggest that there are considerable interstrain differences in both RTE integration sites and retrotransposition competence; however, it has been very difficult to comprehensively evaluate these interstrain differences because of the lack of a method to identify integration sites of numerous RTEs dispersed across a genome.
In various organisms, including microorganisms, plants and mammals, environmental genotoxic stresses are known to evoke genomic responses including activation of RTEs (20) (21) (22) . For example, ionizing radiation increases the transcription level of IAPs in mouse cells (23) and activates L1 retrotransposition in cultured human cells (24) . In addition, we have reported insertions of IAP elements in radiation-induced acute myeloid leukemia (AML) cells from a C3H/He mouse (25) (26) (27) . Because there have been many reports of IAP insertions near cytokine genes (25, (28) (29) (30) (31) and cytokine receptor genes (32, 33) in spontaneous and radiation-induced tumor cells, activation of these tumor-related genes by inserted IAP elements in somatic cells is likely to be involved in carcinogenesis. However, because it is difficult to simultaneously detect numerous RTEs, the efficiency with which each type of RTE can be activated in whole genomes in response to certain types of genotoxic stress remains poorly understood.
PCR-based methods have been previously developed to experimentally identify novel mobile element insertions in mammalian genomes. In these methods, certain types of RTEs together with their flanking regions are specifically amplified by PCR with various strategies in combination with techniques, such as anchored-PCR, suppression PCR and subtractive hybridization, and subsequently the resultant PCR fragments are displayed by fingerprinting (34) (35) (36) or characterized after cloning (37) (38) (39) (40) . These methods were successfully applied to identify many polymorphic and human-specific integration sites of RTEs. In these methods, however, information on genomic positions of the sites can be obtained only after determining the sequence of isolated PCR fragments or individual clones. Recently, novel microarray-based methods for the global mapping of TEs in yeast were developed (41, 42) . In the present study, we developed a similar microarray-based method for global mapping of RTEs in mouse, the genome of which is much larger and more complex than that of yeast. We mapped and compared the locations of major types of IAP elements in genomes from the inbred mouse strains C3H/He and C57BL/6J. In addition, we compared the locations of IAPs between genomic DNAs from radiation-induced myeloid leukemia cells and from its reference normal tissue. Consequently, we could detect many differences between the strains and identified three genomic regions around which an IAP element was integrated possibly during or after radiation-induced leukemogenesis.
MATERIALS AND METHODS

Genomic DNA samples
Normal genomic DNA from a C3H/He and C57BL/6J female mouse was extracted from the tail according to standard procedures using proteinase K and phenolchloroform extraction. AML from C3H/He male mouse was induced by exposure to 0.5 Gy of cyclotron-derived 10 MeV fast neutrons at eight weeks old. Genomic DNA of leukemic cells was isolated from the spleen, while its reference normal genomic DNA was isolated from the tail of the same mouse. These experiments were conducted according to the legal regulations in Japan and in compliance with the institutional guidelines for the care of laboratory animals.
Generation of genomic DNA fragments
Two methods were used to generate genomic DNA fragments containing a common sequence at both ends: the degenerate oligonucleotide-primed PCR (DOP-PCR) method and digestion by restriction enzymes followed by linker ligation. Four degenerate primers were designed to amplify the flanking regions of the IAP element (Supplementary Figure S1A) . The 5 0 anchor sequences and six nucleotides from random sequences of these four primers were identical to the published 6MW primer (43) . Each primer was used independently, and the PCR products were then combined, followed by purification using a QIAquick PCR Purification kit (Qiagen, Valencia, CA, USA). After an initial denaturation at 948C for 3 min, the DOP-PCR reaction was as follows: 3 cycles of 948C for 1 min, 308C for 2.5 min, ramp at 0.18C/s to 728C, 728C for 5 min; 2 cycles of 948C for 1 min, 388C for 2 min, ramp at 0.28C/s to 728C, 728C for 5 min; 2 cycles of 948C for 1 min, 458C for 2 min, 728C for 5 min; finally, 30 cycles of 948C for 1 min, 628C for 1.5 min, 728C for 5 min and a final extension step of 728C for 10 min. Reactions were performed in PTC-225 Tetrad thermocyclers (MJ Research, Cambridge, MA, USA). Digestion by restriction enzymes was carried out with the following three enzymes; BamHI, BglII and FbaI. These enzymes produce a common cohesive end and are resistant to cytosine methylation at the CpG site. Genomic DNA (1 mg) was digested by these enzymes independently or in combination with another enzyme. Subsequently, all digested fragments were mixed, purified using a QIAquick kit and ligated to a linker that was prepared by annealing the following two primers: Isolation of DNA fragments containing the sequences flanking the IAP-LTR Genomic DNA fragments (200 ng) containing a common sequence at both ends were first mixed with a set of four biotin-labeled oligonucleotides (12.5 pmol each) in a 20 ml mixture containing 2 ml of 10 Â LA Taq DNA polymerase buffer (Takara, Shiga, Japan) and 1.6 ml of 25 mM MgCl 2 .
The mixture was heat-denatured at 958C for 3 min and then annealed at 708C for 5 min. 0 . The PCR products were applied to the secondary affinity-purification step in which a new set of biotin-labeled oligonucleotides targeted to a different segment within the LTR region was used. In this secondary affinity-purification procedure, temperatures of annealing and washing reactions were changed to 68 and 518C, respectively. These two sets of biotin-labeled oligonucleotides were designed to anneal to the adjacent conserved sequences within 45 IAP elements, many of which were previously reported to be retrotransposed in tumor cells, as shown in Supplementary Figure S1 .
Hybridization, imaging and data analysis
Fluorescence labeling of DNA, microarray hybridization and post hybridization wash were carried out according to the manufacturer's protocol (version 2) for oligonucleotide array-based comparative genomic hybridization (CGH) for genomic DNA analysis (Agilent Technologies, Santa Clara, CA, USA). Briefly, PCR products amplified from the recovered DNA fragments in the secondary affinitypurification procedures and original unprocessed genomic DNA were digested by Rsa I and Alu I, then fluorescently labeled with Cy3 and Cy5, respectively. Clean-up of digested or fluorescently labeled DNA was carried out with QIAprep Spin Miniprep kit (Qiagen) or Microcon YM-30 filters (Millipore, Billerica, MA, USA), respectively. After hybridization at 658C for 40 h, microarrays were serially washed by Oligo aCGH wash buffer 1 (Agilent Technologies), Oligo aCGH Wash Buffer 2 (Agilent Technologies), acetonitrile and stabilization and drying solution (Agilent Technologies). Hybridized arrays were scanned using the Axon 4000B scanner (Axon Instruments, Burlingame, CA, USA) and processed using GenePix Pro 5.1 software (Axon Instruments). Fluorescence ratios were normalized so that the mean of the median ratios for all of the features was equal to 1.0. Three types of Agilent 244k-formatted microarrays were used: two were high-density mouse custom array-CGH microarrays consisting of more than 200 000 oligonucleotide probes designed for genomic region on chromosome 18 alone with a 0.21 kb median spacing (type 1) or for whole genomic region with a 7.8 kb median spacing (type 2), and the other one was high-density mouse promoter ChIP-on-chip microarrays (G4490A, Agilent), which covers À5.5 kb upstream to +2.5 kb downstream of the transcriptional start sites for $17 000 of the best-defined mouse transcripts (type 3). Most of the probes in the second custom array-CGH microarray were the same probes used for a catalog mouse CGH array (G4415A, Agilent), while there were additional 2433 probes. These additional probes were selected from the genomic regions of probable IAP-cDNA integrating regions, including tens located adjacent to the two representative IAPs described in Figure 2A and from genomic regions for T-cell receptors and immunoglobulin genes. Because these were not randomly selected probes, the data on these additional probes were not included in the scatter plot in Figure 3A , in which probable genomic regions that flank IAP-LTR between C3H/He and C57BL/6J strains were compared. The microarray data reported in this article have been deposited in the Gene Expression Ominibus (GEO) database, www.ncbi.nlm. nih.gov/geo (accession no. GSE9572).
Long-distance PCR amplification of genomic regions
To amplify long genomic fragments, hot-start PCR was performed by combinational use of a LA-Taq DNA polymerase (Takara) and a wax barrier (AmpliWax PCR Gem 50, Takara). All designed primer sequences were checked for their specificity by BLAST search and are listed in Supplementary Table S1 . PCR cycling conditions were set according to the manufacturer's recommendations. For amplification using the template DNA from a leukemia sample and its reference tissue, the PCR cycling number was set below 28 to prevent the one-sided amplification of shorter products, which hinder detection of longer one co-amplified with the same primers.
Multiplex PCR
Multiplex PCR was carried out using Multiplex PCR kit (Qiagen) in a 12.5 ml volume, in which 10 ng of template DNA was included. All primer sequences are listed in Supplementary Table S1 . PCR cycling conditions were set according to the manufacturer's recommendations. The reaction was subjected to 26 cycles of amplification. Samples (2.5 ml) were resolved by 8% polyacrylamide gel electrophoresis, followed by staining with SYBR Green I (Takara) for 1 h.
Real-time PCR
Enrichment of the flanking regions of IAP-LTR was analyzed by real-time PCR and Syber-Green fluorescence using SYBER Premix Ex taq (Takara) on a Stratagene MX3000 real-time PCR instrument (Stratagene, La Jolla, CA, USA) for 45 two-step cycles, which was followed by a final dissociation stage to generate a melting curve. Genomic DNA and the PCR products after the first and the secondary affinity-purification step were diluted into 1 ng/ml and were analyzed in duplicate.
RESULTS
Outline of genome-wide mapping of IAP integration sites
For the global identification of genomic regions containing the IAP-integrated sites, genomic DNA fragments containing sequences that flank IAP elements were isolated and hybridized to the microarray. Our protocol mainly consisted of the following four steps ( Figure 1 ): (i) preparation of genomic DNA fragments ( Figure 1B ), (ii) affinity purification of DNA fragments containing the contiguous sequences covering the LTR region of IAP elements and their flanking regions ( Figure 1C ), (iii) differential fluorescent labeling of the affinity-captured DNA and original unprocessed DNA and (iv) hybridization on the highdensity oligo microarrays.
In the first step, genomic DNA fragments were prepared by two different methods: DOP-PCR (protocol-I) and the digestion by restriction enzymes followed by linker ligation (protocol-II). We used DNA fragments prepared by both methods because we considered that certain genomic regions flanking IAP elements would have an increased chance of generating longer DNA fragments by combining DNA fragments originally prepared by two different ways. In Protocol-I, DOP-PCR was carried out using four specifically designed degenerate primers with modified cycling conditions as described in Materials and Methods to amplify relatively long products of LTR-flanking regions. In Protocol-II, the digestion by restriction enzymes was carried out using the following three enzymes: BamHI, BglII and FbaI. These enzymes are insensitive to methylation at CpG sites and produce a common cohesive end. These enzymes were used both independently and in double-enzyme digestions to increase the chance of producing DNA fragments with variable sizes from an IAP-LTR-flanking region. We expected that this could increase the possibility that DNA fragments prepared by restriction enzyme digestion include DNA fragments with suitable sizes for the detection by the microarray analysis from as many IAP-LTR-flanking regions as possible.
In the second step, DNA fragments containing the LTR sequence were enriched. The desired DNA fragments were annealed to biotin-labeled oligonucleotides and subsequently captured by streptavidin-conjugated magnetic beads ( Figure 1C ). Both heat-dissociated DNA fragments originally prepared by Protocols-I and -II were separately amplified by PCR and mixed, followed by a similar secondary affinity-purification step in which a new set of biotin-labeled oligonucleotides was targeted to an adjacent segment within the LTR region. PCR products amplified from the recovered DNA fragments in the secondary affinity-purification procedure and the original unprocessed genomic DNA was digested by Rsa I and Alu I, and then labeled fluorescently with Cy3 and Cy5, respectively. Digestion by Rsa I and Alu I was carried out essentially according to the manufacturer's protocol (version 2) for oligonucleotide array-based CGH for genomic DNA analysis to minimize the hybridization between the genomic DNA fragments at the subsequent hybridization step on the high-density oligo microarrays.
Enrichment of DNA fragments
To monitor how DNA fragments containing the LTR sequence were effectively enriched, two representative genomic positions at the distal region of chromosome 11 were selected: one position contained an IAP element in both genomes of C3H/He and C57BL/6J inbred mice (IAP-II in Figure 2A and B), whereas another position contained an IAP element only in the C57BL/6J genome (IAP-I in Figure 2A and B). Based on the mouse genomic database, the LTR sequences at both ends of IAP-II contained Figure 1 . Outline of the procedure for isolating genomic DNA fragments containing sequences that flank IAP elements. (A) Two rounds of affinity purification followed by PCR amplification. The affinity-captured DNA and original unprocessed DNA were digested with Rsa I and Alu I and then fluorescently labeled with Cy3 and Cy5, respectively. The mixture of these labeled DNA fragments was used for hybridization on high-density oligo microarrays. (B) Genomic DNA fragments containing a common sequence at both ends were prepared by two different methods: the degenerate DOP-PCR method (protocol-I) and digestion by restriction enzymes followed by linker ligation (protocol-II). Light green and blue lines indicate the fragments in which the highly conserved sequences within LTRs of IAP elements are included or not included, respectively. (C) A schematic diagram of the steps for the affinity purification of DNA fragments containing the contiguous sequences covering the LTR region of the IAP element and its flanking region. a sequence identical to the one of the biotin-labeled oligonucleotides used in both the first and second affinitypurification procedures. However, the LTR sequences at both ends of IAP-I included at least one base difference from any of the biotin-labeled oligonucleotides (Supplementary Figure S1 ). Four pairs of PCR primers were designed based on four genomic regions surrounding the two IAP elements (Figure 2A) . By simultaneous amplification of these four regions in a single reaction, similar amounts of all four PCR products were amplified from both the C3H/He and C57BL/6J DNA samples before purification (lanes 1 and 2 in Figure 2C , respectively). After the first (lanes 3-6 in Figure 2C ) and the second (lanes 7 and 8 in Figure 2C ) purification procedures, PCR products originating from the DNA sequences near IAP elements were visible whereas those from the sequences distal to the insertions were not visible ( Figure 2B ), indicating the effective enrichment of the desired DNA fragments. Furthermore, a 223-bp PCR product (b in Figure 2C ) originating from the DNA sequence adjacent to an IAP insertion (IAP-I in Figure 2A ) was only visibly amplified from the C57BL/6J DNA sample but not the C3H/He DNA sample. This result indicated that the affinity-purified DNAs reflected the difference between the genomic DNAs from the two different strains.
Microarray-based mapping of integration sites for IAP elements
We next examined whether dispersed integration sites of IAP elements could be mapped by the combinational use of the affinity-purified DNAs and the oligo microarrays. We expected that the microarray oligonucleotide probes that corresponded to flanking regions of IAP elements would generate high ratios of Cy3/Cy5 fluorescence intensities because Cy3-labeled DNA fragments, which included flanking regions of IAP elements, were enriched by the affinity capture procedure. DNA fragments containing the IAP element and the flanking sequences in C57BL/6J genomes were isolated in the same way as described above in two separate experiments. They were re-amplified by PCR, labeled fluorescently with Cy3, mixed with the original DNA fragments labeled with Cy5 and then hybridized to an Agilent high-density mouse custom array-CGH microarray that consisted of more than 200 000 oligonucleotide probes for genomic region on 2) , PCR-amplified DNA fragments originally prepared by protocol-I (lanes 3 and 4) and protocol-II (lanes 5 and 6) as shown in Figure 1C after the first round of affinity purification (lanes 3-6), and PCR-amplified DNA fragments after the second round of affinity purification (lanes 7 and 8).
chromosome 18 alone with 0.33-kb average spacing. In this experiment, we diluted the original C57BL/6J genomic DNA and the PCR products after the first and the secondary affinity-purification step into 1 ng/ml and monitored the enrichment of five flanking regions of IAP-LTR by real-time PCR (Supplementary Table S2 ). The result indicated that the genomic DNA fragments near the IAP-LTR were recovered and more or less enriched by both or either protocol I and/or II, while the fragments far from the IAP-LTR were almost completely eliminated at least after two step purifications. In addition, in contrast to the efficient enrichment of an RS subtype of IAP elements, on which we previously detected retrotransposition events in AML cells of C3H/He mice (26), another highly repetitive SINE B1 sequence was diluted. This incomplete elimination of SINE B1 is probably due to the fact that many SINE B1 sequences are located near IAP elements.
We calculated each Cy3/Cy5 ratio for all probes on the array-CGH microarray and examined whether microarray features corresponding to the flanking regions of IAP-LTR showed high Cy3/Cy5 ratios. While the vast majority of the microarray features showed Cy3/Cy5 ratios <10 with the average ratio of 2.6 in both experiments (Supplementary Figure 2A) , many features relatively close to IAP elements ($2.0 kb) showed Cy3/Cy5 ratios higher than 10. The frequency of neighboring features showing higher Cy3/Cy5 ratios appeared to vary significantly depending on the distance from the IAP-LTR (Supplementary Figure S2B) and the subtype of IAP elements (Supplementary Table S3 ). While majority of the neighboring features to IAP-LTR classified as IAPLTR1, IAPLTR1a, IAPLTR2, IAPLTR2a and IAPLTR2b in the database (NCBI Build 36.1) showed higher ratios, those to IAP-LTR belonging to other groups rarely showed such high ratios. It is noteworthy that most of IAP elements reported to be activated in tumor cells (16, 26, 27) belong to the former groups and most of the LTRs in the latter groups are solo-LTR, which is composed of a single LTR region alone.
We next asked what extent the locations of IAP-LTR in the database and the microarray probes showing high Cy3/ Cy5 ratios were correlated. In this analysis, we designated locations as candidate IAP-integrated regions if two or more consecutive features had Cy3/Cy5 ratios >10. As a result, clusters of features corresponding to 145 and 167 genomic regions in experiment 1 and 2, respectively, passed through this criterion and were considered to correspond to IAP-integrated genomic regions. Among them, about 70% (102 in experiment 1, 114 in experiment 2 and 100 in both experiments) corresponded to the locations of IAP-LTR in the database (NCBI Build 36.1).
Comparison of C3H/He and C57BL/6J genomes using oligo microarrays
We next examined whether our microarray-based method can be used to detect the difference in the localization of IAP elements. In this analysis, the affinity-purified DNAs described in Figure 2 were labeled and hybridized on two types of microarrays. One was an Agilent high-density mouse custom array-CGH microarray that consisted of more than 200 000 oligonucleotide probes with 6.4 kb average spatial resolution, including tens of probes located adjacent to the two representative IAPs described in Figure 2A . The other one was an Agilent high-density mouse promoter ChIP-on-chip microarray that covered À5.5 kb upstream to +2.5 kb downstream of the transcriptional start sites of $17 000 of the best-defined mouse transcripts. Figure 3A shows a plot of each Cy3/Cy5 ratio for all probes on the array-CGH microarray for the C3H/He genome (x-axis) versus that for the C57BL/6J genome (y-axis). While the vast majority of the microarray features showed Cy3/Cy5 ratios less than 10 in both x and y axes, about 800 features showed higher ratios in both or either x and/or y axes. We expected that many of the features showing higher ratios in both x and y axes would correspond to regions around which IAP elements were located in both C3H/He and C57BL/6J genomes, whereas the features showing higher ratios in either x-or y-axis would correspond to regions around which IAP elements were located in either the C3H/He or C57BL/6J genome. For the features of which Cy3/Cy5 ratios were higher than 10 in one axis and less than 5 in another axis, the presence of IAP elements in LTR sequences around the corresponding genomic regions in the mouse genome database (NCBI 36.1) were examined. As a result, LTR sequence of IAP elements was recorded as being either present (features indicated by orange dots in Figure 3A) or absent (features indicated by green dots) within 2.5 kb of the genomic regions. The orange and green dots are distributed quite differently on the plot. For features having higher Cy3/Cy5 ratios only for the y-axis (C57BL/ 6J genome), 85.9% (225/262) of them were orange. In contrast, for features having higher Cy3/Cy5 ratios only for the x-axis (C3H/He genome), 8.4% (16/190 ) of them were orange. This stark contrast can be logically explained by the fact that the mouse genome database is largely based on the information from the C57BL/6J strain; hence, most of the IAP elements inserted into C3H/He, but not into the C57BL/6J genome, were not registered in the database. Of the three features showing relatively high Cy3/Cy5 ratios only for the C3H/He genome (indicated by numbers 1-3 in Figure 3A) , we confirmed the presence of insertions around the corresponding regions only in the C3H/He genome by PCR ( Figure 3B ). Complete or partial sequencing analysis of these insertions indicated that the insertion corresponding to number 1 in Figure 3B contained IAP-LTR sequence alone (accession number AB425193) and the other two insertions contained IAP-LTR sequence (accession numbers AB425194, AB425195). Together with their sizes of insertions, these three insertions seemed to be solo IAP-LTR, a subtype of IAP element containing a deletion and a full-length IAP element, respectively.
For the features located within four regions adjacent to the two representative IAP elements described in Figure 2A , which were arranged to be included in our custom microarray, the Cy3/Cy5 ratios for C3H/He and C57BL/6J genomes were plotted while maintaining the spatial relationships between the position of each probe and IAP element (Supplementary Figure S3) . For features positioned around IAP-I in Figure 2A , high Cy3/Cy5 ratios were observed only for some probes relatively close ($2.0 kb) to both ends of the IAP element only in the C57BL/6J strain, suggesting successful LTR-dependent enrichment of flanking DNA fragments of IAP elements by the affinity capture procedure. As for features positioned relatively close to both ends of IAP-II in Figure 2A , however, Cy3/Cy5 ratios were considerably lower compared with those for IAP-I, indicating inefficient enrichment of flanking DNA fragments. This difference in enrichment efficiency between IAP-I and IAP-II might be due to the aforementioned sequence variations within the LTR regions or to another factor associated with the method used to prepare DNA fragments containing the LTR sequence.
To search in depth for IAP elements located around the promoter regions, similar hybridization experiments were carried out on the Agilent mouse promoter ChIP-on-chip microarray. Because the average spatial resolution was very high ($200 bp) around the promoter regions in this microarray, we designated locations as candidate IAPintegrated regions if two or more consecutive features had Cy3/Cy5 ratios >10. As a result, clusters of features corresponding to 147 genomic regions passed through this criterion and were considered to correspond to IAPintegrated genomic regions located near the promoter or intragenic regions, of which 91 were considered to contain an IAP element only in the C3H/He or C57BL/6J genome (Supplementary Table S4 ). For all of these regions, we asked whether LTR sequences of IAP elements were recorded around the corresponding genomic regions in the database. Of 97 candidate regions in which IAP elements were judged to be inserted in the C57BL/6J genome, 69 (71%) corresponded to the genomic regions located near the LTR insertion recorded in the database. In contrast, for 50 candidate regions in which IAP elements were judged to be inserted only in the C3H/He genome, only 1 (2%) corresponded to the genomic position located near the LTR insertion recorded in the database. For the two promoter regions in which IAP elements were present in either the C3H/He or C57BL/6J genome alone, we used PCR to confirm that the insertions around the corresponding region were located only in the genome of each respective mouse strain (Figure 4 ). These comparative results between C3H/He and C57BL/6J indicated that there are considerable strain-differences in the localization of IAP elements and that multiple differences can be detected using our microarray-based method.
Insertions in a genome of radiation-induced leukemic cells
Based on the successful genome-wide survey of retrotransposon integration sites to compare the germlines of mouse strains by this method, we tried to expand the method to analyze genomic aberrations in tumor cells. From a C3H/He mouse that had acquired radiationinduced leukemia, a DNA sample was prepared from each of leukemia cells and germline cells isolated from the spleen and tail, respectively. Figure 5A shows a plot of each Cy3/Cy5 ratio for all features on the array-CGH microarray for the leukemia genome (y-axis) versus that for the reference normal tail genome (x-axis). For the 12 features showing relatively large ratios only for the leukemia genome, the presence of inserted sequences was examined by PCR. In addition to a PCR product of a expected size from the database that were commonly amplified from both AML and normal DNA, another longer PCR product was detected only for AML DNA in ratios for C3H/He (x-axis) and C57BL/6J (y-axis) genomes. The LTR sequence of IAP elements was present in the mouse genome database (NCBI m36.1) near the genomic regions corresponding to orange dots, but not to genomic regions corresponding to light green dots. For the light blue dots, we did not examine whether the LTR sequence of IAP elements was recorded as being present around the corresponding genomic regions in the database. (B) The presence of insertions around the regions corresponding to the probes with numbers from 1 to 3 was verified by PCR. PCR products (yellow arrowheads) that were longer than expected based on the database information (shown in the bottom of the figure in kbp) were detected only in the C3H/He genome. four cases, suggesting the presence of inserted sequences (indicated by numbers 1-4 in Figure 5A and B).
To ascertain the presence of LTR sequences in these four long PCR products, these fragments were purified from an agarose gel and were used as templates for the amplification of the sequences containing the junction boundary at both ends of the insertions. In these secondary PCR reactions, two types of primers, IAP-RM1 and IAP-s57F2, designed for the conserved sequences among IAP elements (Supplementary Figure S1) , were used in combination with a specific primer that was designed for sequences adjacent to the insertions at both ends. Except for the number. 3 fragment in Figure 5B , we obtained clear PCR products (data not shown) and determined the boundary sequences. Consequently, IAP elements were found to be inserted within an exon of Arid2 (AT rich interactive domain 2), the region near the intron-exon boundary of Bcam (Basal cell adhesion molecule), and an intron of Sclt1 (sodium channel and clathrin linker 1), corresponding to features 1, 2 and 4, respectively. Each of these insertions showed a characteristic duplication of six bases of target sequence ( Figure 5C ), strongly suggesting that the insertions were due to IAP element retrotransposition.
DISCUSSION
In recent years, extensive studies on genetic variations, such as single nucleotide polymorphisms (SNPs) and copy number variations (CNVs), have been performed to investigate their association with disease susceptibility in humans (45, 46) . Mice harbor many SNPs and CNVs, similar to those observed among humans (47, 48) . Genotypic differences among mouse strains that result from SNPs or CNVs may be responsible for certain interstrain phenotypic differences. Although substantial portions of mammalian genomes are composed of interspersed repeats derived from insertions of TEs, information is limited on the differences in genomic locations of TEs among humans and mouse strains. In the present study, we report the development of a novel microarray-based method for global mapping of IAP elements in the mouse genome. In each analysis of the normal genomes of C3H/He and C57BL/6J mice using array-CGH oligo microarrays, we identified hundreds of probable IAP cDNA-integrated genomic regions. Because the median probe spacing of the array-CGH oligo microarray (7.8 kb) was longer than the typical length of LTR-flanking sequences enriched effectively in our protocol (which varied between 0.5-2 kb depending on the region), we only detected less than half of the insertion sites. Indeed, it was previously calculated that there are about 1000 or more copies of IAP elements per haploid murine genome (49, 50) . Nonetheless, we identified about 200 probable IAP cDNA-integrated genomic regions that were considered to be present either in the C3H/He or C57BL/6J genome, but not both. Similarly, among about 150 insertions located in close proximity to the promoter regions, which were detected using a mouse promoter ChIP-on-chip microarray, about two-thirds of them were present either in the C3H/He or C57BL/6J genome. These results indicate that there are considerable strain differences in the locations of IAP elements. This observation is consistent with a recent report by Horie et al. (19) , in which 6 of 11 transcripts, induced by the presence of an IAP element, were found to be derived from insertions differentially distributed between C57BL/6J and 129 mouse strains.
These interstrain differences may be partially responsible for certain interstrain phenotypic differences because insertions of IAP elements may alter the normal expression of neighboring gene(s) in a variety of ways. Insertion of IAP elements around the promoter region may perturb epigenetic regulation (51) , and a cryptic promoter in the IAP can induce ectopic expression of neighboring genes (15) . In addition, some retrotransposons probabilistically escape epigenetic silencing, and they are responsible for the variable expressivity of adjacent alleles-termed metastable epialleles (52) . On the other hand, insertion of IAP elements within introns can cause transcriptional aberrations by causing premature polyadenylation, aberrant splicing or ectopic transcription (15) . It would be interesting to analyze how the insertion sites of IAP elements we detected around promoter regions either in the C3H/He or C57BL/6J genome affect the expression of neighboring genes.
By comparing IAP cDNA-inserted genomic positions between a radiation-induced AML and its reference normal tissue from the same mouse, we found there were at least three sites in which IAP elements were inserted only in the AML genome, suggesting the occurrence of multiple retrotransposition events in one tumor during or after radiation-induced leukemogenesis. Because the average spatial resolution of the array-CGH oligo microarray was larger than the typical length of LTR-flanking sequences enriched effectively in our protocol (as mentioned above), there may be more undetected insertions. Furthermore, subsequent analysis of partial sequences of three inserted IAP elements (accession numbers AB365179, AB365180, AB365181) revealed that they were classified into the IÁ1 subtype, which is a minor population consisting of internally deleted IAP elements, but predominantly transposed in AML cells [Ishihara et al. (27) , accession numbers of AB099819 and AB099821]. In addition, the partial sequences of these three inserted IAP elements had mutual variations, indicating that these inserted IAP elements were not derived from one common active IÁ1 IAP element. These insertions within Arid2, Bcam and Sclt1 have the potential to cause gene disruption or aberrant splicing. Because we could find no reports suggesting the association of the aberrations in these genes with tumorigenesis, these integrations might not be directly involved in leukemogenesis. However, the successful identification of three IAP cDNA-integrated intragenic regions in radiation-induced tumor cells demonstrate the potential usefulness of this method to identify critical responsive genes for tumorigenesis and to a better understanding of the mechanisms of retrotransposition in radiation-induced tumor cells.
There were a number of false-positive probes using our method as was also seen in two recently developed microarray-based methods for the global mapping of TEs in yeast (41, 42) . In both of these yeast TE-mapping methods, likely true positives were judged to show positive hybridization signals at consecutive features within the corresponding genomic regions. We could apply a similar criterion in the analysis with the microarrays which focused on chromosome 18 or promoter regions. However, about 30% of the genomic regions showing positive hybridization signals at consecutive features did not correspond to the genomic regions located near the LTR insertion recorded in the database and thus should be defined as false positives. However, since we could not find any significant sequence similarities within many of these genomic regions to the sequence of biotin-labeled primers, a part of these probable false positives might be true positives, such as ones derived from differences in the integration sites between substrains or individuals or from retrotransposition events in some somatic cells included in the tissue from which genomic DNA was isolated. We also found that there were many false-negative features. Although we could map majority of several types of IAP elements on chromosome 18, some features positioned relatively close to the targeted types of IAP-LTR did not show high Cy3/Cy5 ratios. These false-negative features were possibly caused by several ways through uneven enrichment or amplification of DNA fragments containing the LTR sequence. We expect that the reliability of our method will benefit from improvements in certain experimental procedures that would yield more uniform enrichment and amplification of IAP flanking sequences; these improvements include more accurate sequences of biotinlabeled oligonucleotides, optimization of hybridization conditions and an enhanced method of preparing DNA fragments containing the LTR sequence. In addition, a plot of each Cy3/Cy5 ratio for all features in Supplementary Figure S2 showed broader distribution of the plots than the similar plots in Figures 3 and 5 . We consider that this is related to the fact that two samples were prepared and enriched independently in the former experiment, while the two samples to be compared in Figures 3 and 5 were processed simultaneously in one experiment. This suggested the importance of simultaneous processing in the experiment to identify the difference between two different samples. Furthermore, by altering the sequence of biotinylated oligonucleotides used during affinity purification, we expect that our method will be applicable to global mapping of other types of retrotransposons and of multiple dispersed sequences in mammalian genomes.
In summary, the present results demonstrate for the first time the successful genome-wide mapping of integration sites of a type of retrotransposon in a mammalian genome. Using this method, we located many differences in probable IAP-cDNA integration regions between the C3H/He and C57BL/6J genomes. In addition, we identified three genomic regions around which an IAP element likely retrotransposed in the AML genome. Although the method has certain limitations at present, these successful applications indicate that our method will be useful not only for the study of IAP elements themselves but also for screening candidate responsive genes for the phenotypic changes and variations due to the movement and positional diversity of IAP elements.
